In this work, we constrain the spectral index nt of the primordial gravitational wave power spectrum in a universe with sterile neutrinos by using the Planck temperature data, the WMAP 9-year polarization data, the baryon acoustic oscillation data, and the BICEP2 data. We call this model the ΛCDM+r+νs+nt model. The additional massive sterile neutrino species can significantly relieve the tension between the Planck and BICEP2 data, and thus can reduce the possible effects of this tension on the fit results of nt. To constrain the parameters of sterile neutrino, we also utilize the Hubble constant direct measurement data, the Planck Sunyaev-Zeldovich cluster counts data, the Planck CMB lensing data, and the cosmic shear data. We find that due to the fact that the BICEP2 data are most sensitive to the multipole ∼ 150 corresponding to k ∼ 0.01 Mpc −1 , there exists a strong anticorrelation between nt and r0.002 in the BICEP2 data, and this further results in a strongly blue-tilt spectrum. However, a slightly red-tilt tensor power spectrum is also allowed by the BICEP2 data in the region with larger value of r0.002. By using the full data sets, we obtain m 
I. INTRODUCTION
Recently, the BICEP2 Collaboration announced the detection of the primordial gravitational waves (PGWs) with the tensor-to-scalar ratio r = 0.20
+0.07
−0.05 [1] . However, the cosmic microwave background (CMB) temperature anisotropy power spectrum measured by the Planck Collaboration gave r < 0.11 at the 95% confidence level (CL) [2] , which is in tension with the BICEP2 result. To resolve this tension, the BICEP2 Collaboration considered the running of the scalar spectral index, however, the resulting negative running of order 10 −2 significantly challenges the usual slow-roll inflation models. In order to avoid this unsatisfactory consequence, more possible mechanisms to relieve this tension need to be explored.
We proposed that this tension could be resolved with the consideration of sterile neutrinos [3, 4] (see also Ref. [5] ). In our model, two additional parameters, i.e., the effective number of relativistic species, N eff , and the effective mass of sterile neutrino, m eff ν,sterile , are added to the seven-parameter base ΛCDM+r model. We call this model the ΛCDM+r+ν s model. It has been shown that the ΛCDM+r+ν s model successfully yields a large r with Planck data and thus relieves the tension between Planck and BICEP2 [3] [4] [5] . Besides, actually, this model can also significantly reduce other tensions between Planck and other astrophysical observations, such as the direct measurement of H 0 , the Sunyaev-Zeldovich (SZ) cluster counts, and the galaxy shear measurement [3] [4] [5] . It thus appears that the ΛCDM+r+ν s model has the potential to become a new cosmological concordance model.
For other proposals to produce large B modes, see, e.g., Refs. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
In previous work [3] [4] [5] , the consistency relation n t = −r/8 for single-field slow-roll inflation models was assumed. Thus, we actually indicate a slightly red-tilt (n t < 0) spectrum with n t = −0.026 for our best-fit result r = 0.207. However, recently, it has been reported that a strongly blue-tilt (n t > 0) spectrum is preferred by the combination of BICEP2 and Planck data, if one takes n t as a free parameter [22] [23] [24] [25] . On the other hand, by using the BICEP2 data only, Ref. [26] obtained a slightly red-tilt spectrum. In this paper, we will study the observational constraints on n t by using the BICEP2 and Planck data in the model with sterile neutrinos. We call such a model the ΛCDM+r+ν s +n t model, where the tilt n t is taken as a free parameter. We will show that our constraint result of n t is consistent with the results reported in Refs. [22] [23] [24] [25] (and is not in conflict with the results in Refs. [26, 27] ), i.e., a strongly blue-tilt spectrum is preferred by data, but a slightly red-tilt spectrum is also allowed by the BICEP2 data. This paper is organized as follows. In Sec. II, we briefly describe the analysis method and observational data. In Sec. III, we present the fit results and discuss them in detail. We give conclusion in Sec. IV.
II. ANALYSIS METHOD AND DATA
We handle the cosmological perturbations and obtain the theoretical scalar and tensor spectra using the public Boltzmann CAMB code 1 . To probe the parameter space, we use the numerical package CosmoMC 2 that is based on a Markov Chain Monte Carlo (MCMC) technique. The free parameter vector in the ΛCDM+r+ν s +n t model is:
2 and ω c ≡ Ω c h 2 denote the present-day baryon and cold dark matter densities, respectively, θ MC is the approximation to the ratio of sound horizon to angular-diameter distance to last-scattering surface, τ is the Thomson scattering optical depth due to reionization, and n s and A s are the spectral index and amplitude of the primordial curvature perturbations, respectively. We use the pivot scale k 0 = 0.002 Mpc −1 . For the observations, we use the following data sets. Planck+WP: the CMB temperature power spectrum data from Planck [2] , in conjunction with the polarization power spectrum data from 9-year WMAP [28] . [30] . SZ: the combination of σ 8 and Ω m given by the counts of rich clusters of galaxies from the sample of Planck thermal Sunyaev-Zeldovich (SZ) clusters, σ 8 (Ω m /0.27) 0.3 = 0.78 ± 0.01 [31] . Lensing: the CMB lensing power spectrum C φφ from Planck [32] , and also the combination of σ 8 and Ω m given by the cosmic shear data of the weak lensing from the CFHTLenS survey, σ 8 (Ω m /0.27) 0.46 = 0.774 ± 0.040 [33] . In our work, we will use different data combinations to constrain the ΛCDM+r+ν s +n t model. The Planck+WP+BAO combination is used as a basic data combination since in any case there is no tension between Planck and BAO. We also use the BICEP2 data in conjunction with the Planck+WP+BAO data to constrain n t . To constrain the sterile neutrino parameters, we add the H 0 +SZ+Lensing data into our analysis. Besides, we also use the BICEP2 data only to constrain r 0.002 and n t for comparison.
III. RESULTS AND DISCUSSION
Running eight chains with R − 1 < 0.05 achieved for each data combinations, we obtain the fit results in the ΛCDM+r+ν s +n t model.
In Fig. 1 , we show the marginalized posterior distribution contours in the n s -r 0.002 plane by using the Planck+WP+BAO (left) and the Planck+WP+BAO+BICEP2 (right) data combinations. The points are color-coded according to the values of n t . From the left panel, one can see that the value of r 0.002 is amplified in the model with sterile neutrinos by using the Planck+WP+BAO, and so the tension between Planck and BICEP2 is alleviated. Nevertheless, compared to the case with the consistency relation (see Fig. 1 of Ref. [3] ), we find that once n t is free the upper limit of r 0.002 decreases evidently. One can therefore find from the right panel that r = 0 cannot be excluded in the current case (with free n t ). Also, comparing the results of these two panels, we find that the n t behaves rather differently. For example, both the red and blue tilts of PGWs spectrum can be found within the 2σ contour in the left panel, while once the BICEP2 data are used (right panel), n t is strongly preferred to be blue and inversely correlates with r 0.002 . Other researchers [25, 27] suggest that such a strongly blue-tilt spectrum is the compromise result of the tension between the Planck and BICEP2 data. However, we will show that this strongly blue-tilt spectrum is actually induced by the BICEP2 data themselves.
In Fig. 2 , we plot the constraint results in the n t -r 0.002 plane by using different data combinations. We notice that the strong anticorrelation between n t and r 0.002 actually comes from the BICEP2 data (see the green contours). This strong anticorrelation between n t and r 0.002 in the BICEP2 data can be easily understood. Since the BICEP2 data are most sensitive to multipole ∼ 150 corresponding to k ∼ 0.01 Mpc −1 , if we fix r 0.01 = 0.2, then we immediately obtain r 0.002 = 0.2( k=0.002 k=0.01 ) nt . We show this function by a black dashed line in Fig. 2 . Clearly, this curve is highly consistent with the fit result by using the BICEP2 data only. Now the strong blue-tilt spectrum can be explained as the result that a small value of r 0.002 cannot be excluded by the BICEP2 data in the case of a free n t . We also test the consistency relation n t = −r/8 (denoted by a black doted line) in Fig. 2 . Using the BICEP2 data only (green contours), we find that a red-tilt spectrum is also preferred in the region with larger r 0.002 . However, once the Planck data are added (magenta and blue contours) in the analysis, the region with a red-tilt spectrum is significantly narrowed. This is due to the fact that the Planck data prefer a small r 0.002 in the case of free n t .
Finally, we summarize all the important fit results for the ΛCDM+r+ν s +n t model in Table I and Fig. 3 . By using the Planck+WP+BAO+BICEP2 data combination, we obtain m 
IV. CONCLUSIONS
In this paper, we have studied the observational constraints on the tilt n t of the PGWs power spectrum in the model with sterile neutrinos by using the Planck+WP, BAO and BICEP2 data. We call such a model the ΛCDM+r+ν s +n t model. To constrain the parameters of the sterile neutrino species, we also used the H 0 , SZ, and Lensing data in this work. We found that there exists a strong anticorrelation between n t and r 0.002 in the BICEP2 data. After a careful analysis, we found that this strong anticorrelation comes from the fact that the BICEP2 data are sensitive to multipole ∼ 150 corresponding to k ∼ 0.01 Mpc −1 . Furthermore, due to the anticorrelation between n t and r 0.002 in the BICEP2 data, a strong blue-tilt spectrum is preferred, since a small value of r 0.002 cannot be excluded by the BICEP2 data in the case of a free n t . We also tested the consistency relation n t = −r/8 in this analysis. We found that although a strongly blue-tilt spectrum is preferred by the BICEP2 data, a slightly red-tilt spectrum is also allowed in the region with larger value of r 0.002 . However, since a small r 0.002 is preferred by the Planck data in the case of free n t , the region with a red-tilt spectrum is significantly narrowed, once the Planck data are added. For the ΛCDM+r+ν s +n t model, the combination of the full data sets gives m 
